Abstract. In this work, we perform a covariant treatment of quark-antiquark systems. We calculate the spectra and wave functions using a formalism based on the Covariant Spectator Theory (CST). Our results not only reproduce very well the experimental data with a very small set of global parameters, but they also allow a direct test of the predictive power of covariant kernels.
Introduction
A thorough description of the properties of all observed hadrons cannot yet be derived directly from QCD. Despite this fact, in the past few decades, the problem of strongly-bound systems has been studied successfully in a complementary way by a panoply of different approaches. They can be cast roughly into three categories [1] : effective field theories (growing out of operator-product expansions and the formalism of phenomenological Lagrangians), lattice gauge theories (the discretized version of QCD), and other nonperturbative approaches. In the last category, among the most used approaches are: large N c , generalizations of the Shifman-Vainstein-Zakhrov sum rules, QCD vacuum models and effective string models, the AdS/CFT conjecture, and the Schwinger-Dyson/Bethe-Salpeter equations.
Our approach, the Covariant Spectator Theory (CST) [2] , is a quantum field theoretical formalism similar to the Schwinger-Dyson/Bethe-Salpeter method. The main idea of the CST is to turn the kernel of the four-dimensional Bethe-Salpeter equation into an equivalent form, with a different two-body propagator and an accordingly changed interaction kernel. The new propagator is chosen such that the original four-dimensional integration reduces to a three-dimensional integration while the manifest covariance of the equation is maintained.
The CST prescription for the two-body propagator is motivated by partial cancellations that occur between the Bethe-Salpeter ladder and crossed-ladder diagrams, with a net result that is close to the CST ladder diagrams only. This amounts to a very efficient way of summing the Bethe-Salpeter series, which was shown in the application of CST to nucleon-nucleon scattering leading to a high precision NN potential with a reduced number of parameters [3] .
The details of the CST applied to mesons can be found in Refs. [4] [5] [6] [7] . In the present work we report on the results of heavy quarkonium and heavy-lightstates for pseudoscalar, scalar, vector and axial-vector mesons. The CST formalism is particularly suitable for the treatment of heavy-light and heavy systems, since the CST equation reduces in the one-body and nonrelativistic limits to the Dirac and the Schrödinger equations, respectively.
Model and numerical implementation

Equation for the vertex function
The starting point to derive the CST equation is the Bethe-Salpeter (BS) equation for the quark antiquark vertex function Γ BS (p 1 , p 2 ) with an irreducible interaction kernel V(p, k; P) (P is the two-body total 4-momentum, and p and k are the external and internal relative 4-momenta, respectively), given by
where S i (k i ) is the dressed quark propagator depending on the individual 4-momentum k i of quark i.
The CST prescription described in the introduction is to assume particle 1, the heaviest particle with mass m 1 , to be on its mass-shell. This yields the CST equation for the vertex function Γ 1CS , where "1CS" or "1CSE" stands for one-channel spectator equation [7] . Specifically, the 1CSE results from the BS by taking into account only the contribution from the residue of the pole that appears when particle 1 is placed on its positive-energy mass-shell. More contributions could also be included which leads to a coupled set of CST equations depicted diagrammatically in Fig. 1 . However, for the heavy and heavy-light systems the 1CSE is a good approximation [10] , as it retains the most important properties of the complete set of CST equations, namely manifest covariance, cluster separability, and the correct one-body limit. It is also a good approximation for equal-mass particles, as long as the bound-state mass is not too small. However, a property the 1CSE does not maintain is chargeconjugation symmetry. Therefore, states calculated with the 1CSE are not expected to have a definite C-parity. In principle, this problem is easily remedied by using the two-channel extension inside the dashed rectangle of Fig. 1 instead. The 1CSE is given by Figure 1 . The four-channel CST equation (4CSE). The solid rectangle indicates the one-channel CST equation (1CSE) used in this work, the dashed rectangle a two-channel extension with charge-conjugation symmetry.
Crosses on quark lines indicate that only the positive-energy pole contribution of the propagator is kept, light crosses in a dark square refer to the negative-energy pole contribution.
describes the momentum dependence of the interaction kernel K, m i is the mass of quark i, and E ik ≡ (m 2 i + k 2 ) 1/2 . A "ˆ" over a momentum indicates that it is on its positive-energy mass shell.
Kernel for the interaction
The interaction kernel consists of a covariant generalization of the linear (L) confining potential used in [8] , a color Coulomb (Coul), and a constant (C) interaction,
The mixing parameter y allows to dial between an equal-weighted scalar-plus-pseudoscalar structure, which preserves the chiral-symmetry constraints [9] , and a vector structure, while preserving the same nonrelativistic limit. The precise Lorentz structure of the confining interaction is not known, and by fitting the y parameter from the mesonic spectra some further information can be gained. The momentum-dependent parts of the kernel are given by
where
The three coupling strengths σ, α, and C are free parameters of the model. Furthermore, an analysis of the asymptotic behavior for large momenta k shows that we need to regularize the kernel in order to have convergence. We use Pauli-Villars regularization for both linear and the Coulomb parts, which yields one additional parameter, the cut-off Λ.
Numerical implementation
In order to find a numerical solution for the bound-state problem we expand both the projector and the propagator of Eq. (2) in terms of u ρ -spinors (with ρ = ±) defined as follows:
and where χ λ are two-component spinors. Introducing the notation
for the spinor matrix elements of the interaction vertices and the spinor matrix elements of the vertex function, respectively, we obtain 
By introducing the wave functions when quark 1 is on-shell as
we can finally cast Eq. (2) into the following form:
(11) In order to proceed we have to specify the Lorentz structure of the vertex function for the meson under study, i.e. a scalar, pseudoscalar, vector, or axial-vector meson. In general, we can always write the wave functions in terms of two-component spinors χ and K ρ j (p) operators which are 2×2 matrices, as follows:
In Table 1 all the K ρ j (p) used in this work are listed for convenience. 
The main advantage of using this basis for the wave functions is that it has definite orbital angular momentum and thus enables us to determine the spectroscopic identity of our solutions, which is indispensable when comparing to the measured states. In the nonrelativistic limit, they reduce to the familiar Schrödinger wave functions. However, our relativistic wave functions contain components not present in nonrelativistic solutions. For example, the S -waves of our pseudoscalar states couple to small P-waves (with opposite intrinsic parity) that vanish in the nonrelativistic limit, whereas, for vector mesons, coupled S -and D-waves are accompanied by relativistic singlet and triplet Pwaves. This can be seen explicitly in Fig. 2 where the wave functions for the ground state of the bc mesons are depicted for the 4 types of mesons with quantum numbers J P = 0 ± , 1 ± , considered in this work. 
Results and Discussion
Mass spectra
We consider 2 models in this work: model P1 was fitted to the masses of pseudoscalar states only, whereas model P2 was fitted to the masses of pseudoscalar, scalar, and vector mesons. The parameters of the models are listed in Table 2 . Fitting the quark masses is much more time consuming than fitting the other parameters. Therefore, we first determined them in preliminary calculations and then held them fixed in the final fits of σ, α s and C. This procedure is certainly good enough for the purpose of this work. Furthermore, early results clearly favored pure scalar+pseudoscalar confinement, so throughout this work we set y = 0. Also the results turn out not to be very sensitive to the choice of the Pauli-Villars parameter Λ, so we set it to be Λ = 2m 1 . Our results are given in Table 3 for the bb, bc, bs, bq, cc, cs, cq states whereq =ū ord.
It is well known that the Lorentz structure of a kernel determines the spin-dependent interactions, and it is certainly one of the attractive features of a covariant formalism that they are not treated perturbatively but on an equal footing with the spin-independent interactions. But in a general fit to all types of mesons one cannot really test the predictive power of the covariant kernels in this regard because all interactions are fitted simultaneously.
What is remarkable is that a fit to a few pseudoscalar meson states only, which is insensitive to spin-orbit and tensor forces and which do not allow to separate the spin-spin from the central interaction, leads to essentially the same model parameters as a more general fit (the rms between model P1 and P2 differ only by 6 MeV). This demonstrates that the covariance of the chosen interaction kernel is responsible for the very accurate prediction of the spin-dependent quark-antiquark interactions [10] .
Besides models P1 and P2, and in order to investigate the role of the confining interaction, we tested a third model, PCoul, where we switch off the confining interaction and fit the data just with a Coulomb and a constant term. The rms is significantly larger but some interesting observations can be made concerning the wave functions, to be presented in the next subsection. 
Wave functions
In Fig. 2 , the wave function components of S -, D-and P-waves [P s (singlet) and P t (triplet)] of the ground-state of the bc system are given for the different types of mesons. These scalar functions are what we defined as ψ ρ j (p) in Eq. (12) and they are normalized as
EPJ Web of Conferences Table 3 . Comparison of the mass spectra of all mesonic experimental states (with at with least one b or c quark content) and quantum numbers: J P , J = 0, 1, P = ± and the theoretical mass predictions of model P 1 and P 2 . The and symbols represent the states used in the fit P1 and P2, respectively. The states with no symbol assigned are pure predictions. All the masses are given in units of GeV. There is weak evidence (at 1.8 σ) that the Υ(1D) (10.15 GeV, marked with "?") has been seen [11, 12] . By inspection we see that the relativistic components aforementioned are not completely negligible even for the bc state, usually assumed to be a nonrelativistic system. In Fig. 3 we depict the normalized wave function components for the bottomonium vector state using the predictions of model P2. What one observes is a pattern where the S-wave (depicted in navy-blue) always dominates, apart from the 2 nd and the 4 th radial excitations, where the D-wave component (marked in green) is the most prominent. However, for same predictions for the bottomonium wave functions made with model PCoul (see Fig. 4 ) there is a change in the observed pattern, now the dominant D-wave component appears to be in 3 rd and the 5 th radial excitations. This is interesting because if a Υ(2D) state would be detected it would be sensitive to the choice this potential. However, and just for what has been observed so far, a linear confining piece in the kernel seems to be necessary to get the ordering of the levels right. 
Summary and Outlook
In this work we report on the recent developments of CST-BS formalism applied to heavy and heavylight mesons. A very accurate mass spectrum is obtained with just a few parameters. Furthermore, we observe that a fit without any direct information about the spin-orbit and tensor forces (model P1) leads essentially to the same predictions for the model parameters as another fit (model P2) that takes into account i) more states and ii) states with explicit dependence on those forces. We have therefore shown that covariance leads to an accurate prediction of the spin-dependent quark-antiquark EPJ Web of Conferences interactions. We have also checked that the radial excitations of the vector bottomonium can indirectly constrain the type of interaction potential chosen.
In the near future we plan to calculate the mass spectrum of the tensor mesons. In the next step we will extend the formalism to the light meson sector in a consistent way by solving both the CSTDyson (mass-gap equation), and the 4CSE. With all the covariant wave functions computed within this approach, it is then relatively straightforward to compute other observables such as radiative decays, other decay rates and calculations involving the structure of thestates, as for instance electromagnetic and transition form factors.
